Introduction
Tin (II) sulphide (SnS) is a narrow band gap semiconductor material which has attracted significant interest for electronic devices due to its unique properties, low toxicity and abundance of Sn in nature. SnS is a p-type semiconductor due to the Correspondence to: A. Nalin Mehta, Imec, Kapeldreef 75, 3001 Leuven, Belgium.
Tel: +32 16 28 7698; fax: +32 16 28 8500; e-mail: Ankit.NalinMehta@imec.be 10 7 times higher concentration of Sn vacancies over S vacancies (Burton et al., 2013) . SnS has been extensively studied as the absorber material for sustainable photovoltaic applications due to an ideal band gap leading to a theoretical power conversion efficiency (PCE) close to the Shockley-Quiesser limit of around 32%. However, this potential is currently unfulfilled, with record PCE of around 5% (Sinsermsuksakul et al., 2014) , which is predominantly attributed to recombination at defects and grain boundaries. We are investigating SnS as a potential candidate for application as a p-type semiconductor in 2D Tunnel FETs and MOSFETs (Sucharitakul et al., 2016; Tian et al., 2017) . SnS can take the form of several phases. At room temperature, SnS exhibits a stable, low-symmetry, double layered orthorhombic α-phase (Pbnm -Space group 62) with lattice parameters a = 0.433 nm, b = 1.12 nm and c = 0.398 nm. At elevated temperatures (>878 K), SnS undergoes a phase transition to the high-symmetry, double layered orthorhombic β-phase (Cmcm -Space group 63) with lattice parameters a = 0.413 nm, b = 1.148 nm and c = 0.417 nm. Ettema et al. (1992) investigated the crystal and electronic structures of the α and β phase using ab initio band structure calculations and photoelectron spectroscopy and noticed α-SnS to be a distorted version of β-SnS. In the high-symmetry phase, each of the Sn atoms is bonded to four S atoms at equal distances in the layer plane and one S atom perpendicular to the plane at a larger distance, hence the coordination number of the atoms is 5 (4 + 1). In the low-symmetry phase, the four relatively weak bonds change to two strong and two weak bonds where the coordination number of the atoms is 3 (2 + 1). The number of symmetry elements is reduced by half during this transition (Ettema et al., 1992) . Chattopadhyay et al. (1986) studied the structural phase transition from α to β phase in SnS and SnSe by neutron diffraction at temperatures ranging from 295 to 1000 K. They find that with increasing temperature, the ratio between the lattice parameters a and c continuously decreases from a/c > 1 to a/c < 1 at the transition temperature (878 K). The transition is a second-order displacive type which consists of continuous shift of Sn and S atoms almost entirely along [100] α direction (Chattopadhyay et al., 1986) . Using a tight-binding approach, Lefebvre et al. (1998) investigated the nature of the bonding interactions in SnS compared to the cases of SnO, SnS, SnSe and SnTe. They report that the 5s lone pair in SnO point towards the interlayer space creating a van der Waals gap (0.252 nm) making it a truly layered structure. In α-SnS, these lone pairs are less diffuse and result in a repulsion of the neighbouring Sn, which leads to a distorted rock salt configuration and lowers the interlayer spacing by ß0.104 nm (Lefebvre et al., 1998) . Their finding suggests that the interaction between the layers in SnS goes beyond classical van der Waals interactions. This differentiates SnS from 'truly' layered materials and sets the inter-layer interaction in a regime close to a weak-covalent bonding. The electronic properties of the material depend strongly on its crystal structure. From the band structure calculations, Ettema et al. (1992) find that β-SnS has an indirect band-gap of 0.3 ± 0.1 eV and a direct gap of 1.4 ± 0.1 eV whereas α-SnS has an indirect gap of 1.6 eV and a direct gap of 1.8 eV. These values are larger than the experimental values which is due to the inherent error with band structure calculations. The differences in the band structure between the two phases are attributed to the lower symmetry in the α-phase which creates a mixing of orbitals which results in larger gaps between interacting sites (Ettema et al., 1992) .
Several groups have previously used TEM to identify the crystal structure of SnS nanoparticles (Lu et al., 2015; Tarkas et al., 2017) , nanosheets (Hori et al., 2014; Brent et al., 2015; Yang et al., 2015; Chao et al., 2016) , nanorods (Suryawanshi et al., 2014; Chauhan et al., 2015) and micron-sized flakes (Xia et al., 2016; Tian et al., 2017) which were synthesised through various techniques. The TEM characterisation of the SnS nanosheets and flakes have been generally limited to plane view analysis and basic d-spacing measurements in cross section in order to confirm the phase of the material.
For applications in devices, thin (few monolayer) and defect free layers with large crystal grains are required. Analysing the crystal and defect structure of the material at the atomic scale is important to gain further insight regarding their impact on the electrical properties and device performance. Therefore, in this work we investigate in detail the defect structure in SnS crystals deposited by CVD process on thermally grown SiO 2 using TEM-based characterisation techniques.
Experimental

Growth of SnS crystals
Chemical vapour deposition (CVD) of SnS is performed in an Epsilon CVD reactor of an ASM Polygon cluster. Note that, 200 mm Si (100) wafers with 50 nm thermally grown SiO 2 on top are used as substrates. SnCl 4 is used as Sn precursor and H 2 S as S precursor, whereas N 2 is used as carrier gas. The CVD process is carried out at 500°C or 550°C using a SnCl 4 flow of 0.5 sccm and a H 2 S flow of 5.0 sccm (Zhang et al., to be published) .
Characterisation techniques
The crystal structure of the deposited crystals is investigated using several TEM/STEM modes in a double corrected Titan 3 G2 60-300 system from FEI (Eindhoven, The Netherlands) at acceleration voltages of 120 and 300 kV. High-resolution STEM, selected area and nanobeam electron diffraction and Fast Fourier transform (FFT) analysis are used for crystal structure investigation and STEM-EDS is applied for chemical analysis. Fast Fourier transform of a high-resolution STEM image provides the spatial frequency distribution of the image, that is the 2D reciprocal lattice corresponding to the image. The FFT pattern is in many ways similar to an electron diffraction pattern, but is obtained from a much smaller region compared to selected area diffraction patterns. Moreover, the FFT of an image is affected by the contrast transfer function which is influenced by the defocus whereas the diffraction pattern is unaffected by it. High-angle annular dark field (HAADF) mode is well suited to reveal the Sn positions due to the nearly Z 2 dependence of the image brightness whereas the lighter S is easier studied in annular bright field (ABF) mode which has a nearly Z 1/3 brightness dependence (Findlay et al., 2010) . Nanobeam electron diffraction (NBD) is used to map the lattice mismatch in the specimen. Diffraction patterns are acquired over an area of 130 × 40 nm 2 with a step size of 1 nm. The mismatch in the vertical and horizontal directions is calculated using the Epsilon software package from FEI. In this mode, the spatial resolution is ß3.5 nm (using a condenser aperture of 20 µm). Cross-sectional TEM specimens are prepared in an FEI dual-beam Helios450HP by focused ion beam (FIB) thinning using the internal lift-out method finishing with 5 kV milling. Before FIB preparation, the samples are covered by a spin-on amorphous carbon (SOC) layer to protect the surface against ion beam damage of the FIB.
Computational methods
First-principle calculations are carried out using the ATK (Atomistix Tool Kit) DFT (Density Functional Theory) using the generalised gradient approximation (GGA) exchange correlations functional developed by Perdew, Burke and Erzerhof (PBE) and Grimme's van der Walls correction scheme (Grimme et al., 2010) combined with a double zeta polarised basis set. The unit cells of the alpha and beta phases are obtained from the materials project database (Jain et al., 2013) (Chattopadhyay et al., 1986) and to the heterostack model built from 5BL α-SnS + 2BL β'-SnS.
Literature (Chattopadhyay et al., 1986) Optimised unit cell (% error w.r.t literature) using a 3 × 3 × 3 k-point mesh together with a density mesh cut-off of 75 Ry. The optimised parameters of the alpha and beta phase are given in Table 1 . The optimised geometry of bulk SnS-alpha and beta phases were used to build an interface model using the interface builder in ATK by cleaving them along the (040) surfaces. The resulting supercell consisting of 56 atoms was made of 5 bilayers (BL) of alpha and 2 BL of the beta phase based on experimental observation. The stack owns an artificial strain of ß1.13 % due to the lattice mismatch between the two phases. The size of the supercell is a' = 0.413 nm, b' = 0.426 nm, c' = 11.622 nm with a vacuum of ß2 nm on top of the beta phase along the c'-direction. A 3 × 3 × 1 mesh was used for sampling the Brillouin zone. The ionic and lattice parameters of the system were then finally relaxed to obtain the equilibrium final structure of the stack until the maximum force tolerance of 0.05 eVÅ -1 and a stress tolerance of 0.005 eVÅ -3 were reached. HAADF and ABF STEM image simulations are carried out using multislice software package, QSTEM, developed by Christoph Koch (Koch, 2002) . The simulation parameters used are close to experimental conditions with an acceleration voltage of 300 kV; convergence angle, 18 mrad; ABF collection angle, 8-18 mrad, HAADF collection angle, 70-164 mrad; Cs, -2 µm; Cc, 1 mm. The probe array consists of 500 × 500 samples with a window size of 2 × 2 nm with a scanning window 0.85 × 1.125 nm and a slice thickness of ß0.2 nm. Sample thickness used is ß12 nm. The software package offers an option for thermal diffuse scattering (TDS) where temperature of 300 K is used with 20 runs averaged over.
Results
The optical micrograph (Fig. 1A ) of the sample shows the typical products of the deposition process. They consist of two distinct types of structures, which we refer to as flakes and crystallites. The flakes are thin, flat and laterally large (ß30-40 µm), whereas the crystallites are much thicker, textured and laterally smaller (ß10-15 µm). Figure 1 (B) shows the Raman spectra acquired on a flake and a crystallite. Four characteristic peaks are observed in both spectra which can be associated with SnS (Chandrasekhar et al., 1977) . Two typical Raman active modes, A g and B 3g , can be distinguished. for the A g modes and 163 cm −1 for the B 3g mode. The peak positions correspond well with literature data for the α-phase SnS (Xia et al., 2016) .
Further structural analysis is performed with HR-TEM and HR-STEM on cross-sectional samples.
Flakes
The flakes have a parallelogram shape usually with one of the corners curved resulting in an irregularly rounded side ( Fig. 1A) . This curved edge of the flakes is likely related to the nucleation mechanism. The corners are either ß85°or ß95°w hich indicates that the straight sides of the parallelogram correspond to {101} planes of the α-SnS phase. Hence the bisectors of the sharp and blunt corners are the [100] α and [001] α directions, respectively. Cross-sectional specimens are prepared orthogonal to these directions over the edges of the flake ( Fig. 2A) .
A low-magnification TEM image of the specimen with [001] α zone axis (Fig. 2B) shows that the flake is much thicker towards the middle and tapers down significantly towards the edge where the flake is not conformal to the substrate. The crystal is wavy at the edges, probably due to the deposition of the capping layer which generally only partially fills the gap under the edges of the flakes. A similar tapered morphology is observed at the edges of all the investigated flakes and can also be revealed in top view optical and AFM images (not shown). It indicates that lateral growth occurred much faster at the top edges of the flakes.
The electron diffraction pattern of the specimen shows that the flakes are single crystals. This is also confirmed in planview specimens. TEM images acquired out of zone in the thicker region of the flake (Fig. 2C) show the presence of lamellae with different contrasts parallel to the surface of the flakes. The lamellae have variable thickness in the range of ß0.5 to 7.1 nm, that is 1-12 monolayers. HR-STEM and FFT analysis indicate that these lamellae have a different crystal structure than the bulk of the flake (Figs. 2D, E) . The presence of these lamellae is also confirmed on the specimen which is prepared with [100] α zone axis from the same flake. The projections of the Sn sublattices along the [100] direction of the α and β phases are very similar but the [001] zones show distinct differences with a zigzag pattern and Sn-dumbbells for the α and β phase respectively. The HR-STEM images and the FFT patterns of the lamellae regions resemble the expectations for β-SnS whereas the bulk of the flake consists of the low temperature α-SnS phase (Figs. 2D, E) . The structure in the lamellae is lattice matched at the interface with the bulk α-SnS phase according to the epitaxial relationship: (010) α // (010) lamellae and [100] α // [00-1] lamellae . This alignment corresponds to the best fit between the lattice parameters of the two phases ( Table 2 ). The calculated in-plane misfits are -3.7% and 3.8%, hence misfit dislocations would be expected which are however never observed indicating that the material in the lamellae is highly strained.
The annular bright field (ABF) images, which are acquired simultaneously with the HAADF images, better enable Table 2 . Lattice parameters of the SnS phases according to literature (Chattopadhyay et al., 1986) , calculated misfit of the β phase relative to the α phase, and mismatch of the lattice in the lamellae as determined by NBD. [100] lamellae at the interface between the two phases. The ABF image shows that the S columns in the lamellae are in all layers slightly shifted towards the Sn columns on the right whereas these are expected to be exactly in the middle for the β-phase (Fig. 3B ). This indicates a reduction in symmetry relative to the β phase giving rise to a new SnS phase. Such a shift of the S positions is also present in the [001] α projection of the α-phase (Fig. 4) however in that case the shift is in opposite directions for alternating layers. A single monolayer of the new phase between layers of α-SnS can be seen as a stacking fault which upon addition of more layers can be considered a different phase. To further understand the structure and the origin of these lamellae, we used Density functional theory (DFT) to evaluate the interaction between the layers. Interestingly, DFT predicts that the stacking of the β-phase on the α-phase leads to a reduction of the symmetry of β-SnS layers, by shifting of the position of the S towards the Sn sites. This is in very good agreement with our observations using ABF-STEM. With the findsym software (Stokes & Hatch, 2005) , which is a tool to identify the symmetry of a crystal structure, the space-group of the new phase is identified as an orthorhombic structure with space group 36. Such a phase is not reported before for SnS, we tentatively refer to it as the β'-phase. HAADF-and ABF-STEM image simulations of the α and new β' phases are overlaid on the experimental STEM images shown in Figure 3 and they match very well. Because ABF imaging is very sensitive to tilt, far more so than HAADF, a thickness/tilt map is simulated which is shown in Figure 5 . The tilt series shows that the influence of tilt on the ABF image contrast is much more apparent at larger specimen thicknesses. Although there is an influence of the tilt on the ability to resolve the sulphur columns at higher tilts, there is no significant effect on the apparent position of the columns. Moreover, as the actual specimen thickness is estimated ß40-50 nm, the influence of sample tilt on the ability to distinguish the S and Sn columns would be more significant. By comparing the images from the tilt series to the experimental image, it seems that the actual experimental tilt is well within ± 0.4°as the S and Sn columns are sufficiently well resolved. Larger tilts 
Fig. 6. Evolution of the interaction energy per surface atom as a function of the separation (d) between the two phases (top). Supercell of β'-SnS stacked on α-SnS obtained after geometry optimisation of stack (bottom).
should anyhow be easily recognised on the electron diffraction patterns during the TEM study.
Consistently, our DFT simulation results suggest that the stacking of the α-and β-SnS phases leads to a structural reorganisation at the interface in the β-SnS layers and that the layers interact strongly. Interestingly, the enthalpy of formation of the bulk α-and β-SnS phases are found to be very close in energy, with the α phase being more stable by ß0.021 eV atom -1 with respect to the β one, which suggests that upon strong interactions, the layers could undergo a transition from one phase to the other one. We evaluated the interaction energy between the β' and α-SnS phases by increasing the distance (d) at the interface between the two phases while keeping the c'-parameter constant (Fig. 6) . The resulting cohesive energy is found to be ß0.34 eV per interface atom which is higher than what is typically expected for weak physisorption interactions (Desjonquères & Spanjaard, 1996) . This value is however consistent with other modelling works on 2D heterostacks (Zhong et al., 2016) and points towards the presence of a strong interaction at the interface between the two phases (Lefebvre et al., 1998) , which leads to a distortion in the atomic structure of the β-SnS layer, leading to the formation of the new β' phase.
Lattice mismatch maps are acquired with NBD over the entire thickness of the flake in the TEM specimens prepared perpendicular to [001] α and [100] α to determine the in-plane ( (200) & (002)) and out-of-plane (040) mismatch in the lamellae relative to the underlying α-phase (Fig. 7) . In both directions, the in-plane mismatch is less than 0.3% which is significantly smaller than the calculated misfit values between the α and β phase (Table 2) confirming good in-plane matching at the interface. There is considerable out-of-plane mismatch in the lamellae. The thinnest lamellae consisting of only 1-3 monolayers of the structure are revealed on the maps although their thickness is less than the lateral resolution (ß3.5 nm) of the NBD measurement. The mismatch in these lamellae will therefore be underestimated. The thickest lamellae show an out-of-plane mismatch up to ß1.3%. The mismatched regions in the map have a one to one correlation with the positions of the lamellae as observed in HR-STEM. The thickest lamellae observed of the β'-phase are ß7 nm thick and epitaxially grown with nearly perfect matching on the α-phase. Combining the information from the ABF/HAADF-STEM imaging and NBD mapping, the structure of the β'-phase can be described as: orthorhombic phase with space group 36,
The transition of the β-phase to the β'-phase requires a shift of the full S sublattice along [001] β /β ' (Fig. 4B vs.  Fig. 4C ), hence the structure can be considered as an intermediate distorted/strained phase.
To obtain thinner flakes as needed for applications, depositions at lower growth temperatures and shorter deposition times are investigated as well (Zhang et al., 2017) . Investigation of a flake grown at 500°C also shows the presence of the β' lamellae with varying thickness ranging from one to three monolayers (Fig. 8) and spread over the full thickness of the flakes. As this growth is at a temperature further below the transition temperature from α-SnS to the β-phase (878 K), it can be concluded that the lamellae are probably directly nucleated as β' and not due to an intermediate transition starting from β-phase lamellae.
Crystallites
The crystallites usually consist of two to four grains with some parts which lie flat on the substrate and others that are tilted at an angle with respect to the substrate. The outer faces of the grains are also {101} as for the flakes. Figure 9 shows two examples of such crystallites. Crystallite 1 consists of two grains with a boundary going through the middle. A cross-sectional TEM specimen is prepared across the [001] α direction. We find that unlike the flakes, the crystallites consist only of the α-phase and no β'-lamellae are observed. The grain on the left lies flat on the substrate with [010] α normal to the substrate whereas the grain on the right is at a 15°tilt off the substrate with a sharp boundary between them. From the diffraction pattern and HR-STEM image, we find that the grain on the right is a rotational twin with the twin boundary on the (310) α plane. The grain boundary is likely created at the initial nucleus of the crystallite but this is not embedded in the TEM specimen thickness. Plan view specimens capturing only the bottom part of the crystallite will be needed to further investigate the nucleation mechanism. There is also some growth underneath the tilted grain where the [001] α zone-axis is a few degrees away from the present viewing direction. This suggests that the grain on the right had a fast growth on the (101) α sidewall plane without contact to the SiO 2 substrate as also observed at the edges of the flakes. Reactant species in the gap nucleated slower on the bottom (010) α plane.
The second crystallite has a more complicated morphology with two grain boundaries with parts on either side which are tilted off the substrate. In this case, the cross-section specimen is prepared orthogonal to the [100] α direction. This crystallite too consists solely of the α-phase. The central region of the crystallite is flat with [010] α normal to the substrate. The left grain in the crystal is not on the same zone axis as the central region resulting in darker contrast on the HAADF-STEM image due to reduced channelling contrast whereas the grain on the right is on axis and shows similar contrast as the central grain. The interface between the central and right grains shows a periodic array of dislocation defects along the boundary (Fig. 9F) .
The differences in morphology between the flakes and the crystallites appear to be predominantly due to the difference in the way they initially nucleate. The presence of the grain boundary affects the growth rates on the (010) surface versus the {101} facets and prefers the growth in the vertical direction, thus resulting in thick crystallites.
Electron beam damage
Contrary to most metaldichalcogenides studied in the literature (Zan et al., 2013; Garcia et al., 2014; Lehnert et al., 2017) the SnS structure is quite stable during electron beam irradiation in the TEM even at 300 kV. This is to a large extent due to the larger thickness of the cross-sectional TEM specimens of the investigated flakes/crystallites compared to monolayers of metaldichalcogenides studied in-plane view TEM specimens.
Nevertheless, during longer time observations, beam damage effects are also noticed in the SnS structure. Figures 8(C) and (E) show the formation of crystalline mushroom-shaped clusters at the SnS/SiO 2 interface which appears to be a result of beam damage. To confirm the origin of the clusters and investigate the beam damage process, a fresh specimen is prepared of a similar flake and the dose dependence of the modifications is studied while irradiating the sample with the e-beam at an acceleration voltage of 120 kV and electron dose rate of 8.3 × 10 5 e nm -2 s -1 . This condition is more severe than the standard imaging conditions applied to acquire the above discussed structural investigations of the flakes and crystallites. Electron micrographs are acquired at intervals of 5 s. The major changes are shown on Figure 10 (A) and the movie of the full time sequence on the Supplementary Information site. The interface is flat at the beginning of the experiment whereas the clusters begin to form soon after e-beam irradiation and continue to grow and coalesce with increasing time under the beam. After 4 min of irradiation and a total dose of 2.0 × 10 8 e nm -2 several clusters have formed at the interface. An FFT analysis on a high-resolution TEM image of one of the clusters indicates that they are metallic β-Sn mainly (020) β textured on the α-SnS. Although the entire thickness of the flake is being irradiated, the damage starts only at the bottom interface of the flake with the SiO 2 substrate whereas the top interface with the spin-on-carbon (SOC) capping layer remains unchanged. An EDS chemical map (Fig. 10B) acquired on a region of the flake previously damaged under the e-beam confirms that the clusters are indeed metallic Sn. The Sn migrating from the layer to the clusters at the interface leaves regions devoid of Sn in the layer. Interestingly, these regions are now rich in Si originating from the SiO 2 layer and appear to be amorphous. The damaged region has reduced amounts of oxygen and sulphur suggesting the dissociation of S-Sn and O-Si bonds during irradiation reacting to form SO 2 which escapes to the vacuum of the system whereas Sn and Si are immiscible. The damage of the layer continues during the 20 min of EDS acquisition and the Sn clusters continue to grow and coalesce as seen in Figure 10(D) . The top of the flake is relatively unchanged whereas the bottom of the flake is significantly damaged and deficient in tin which is evident from the darker contrast. This clearly indicates the influence of the SnS/SiO 2 interface in the initiation and propagation of the damage which probably relates to the initial quality of this interface.
Conclusions
The crystal and defect structure of SnS crystals deposited using CVD have been studied using TEM, STEM and NBD. The flakes are relatively thin, flat and laterally large with [010] direction normal to the substrate. In cross section, they show lamellae of varying thickness which are identified as a new phase with a crystal structure resembling a distorted β-SnS. ABF-STEM reveals the reduced symmetry in the lamella (compared to β-SnS) due to the shift of the S sublattice along [001] β leading to a new SnS phase which we refer to as β'-SnS. Geometric optimisation of a system with β-SnS on α-SnS using density function theory results in a similar reduction of symmetry in the β-SnS resulting in the β' phase. This is as a result of the high interaction energy between the layers which is stronger than physisorption which allows strain transfer between layers. NBD mismatch maps indicate a good in-plane lattice matching with a mismatch below 0.3% and considerable mismatch upto 1.3% in the out-of-plane direction. These values are much lower compared to the calculated misfit between α and β phase and no dislocations are observed at the interface suggesting the lamella is highly strained.
Contrary to the flakes, the crystallites are much thicker and smaller and usually consist of two to four grains with some part which lies flat on the surface whereas others are lifted off at an angle. The part which is flat has [010] normal to the substrate and the outer faces of the grains are also {101} as for the flakes. The crystallites consist solely of the α-phase without any β'-lamellae. The difference in the morphology between the flakes and crystallites appear to be due to the differences in the way they nucleate where the presence of a grain boundary may lead to a preference of growth on the (010) surface over the {101} facets.
Although the SnS structure is quite stable during e-beam irradiation even at 300 kV, beam damage is observed during longer observation times. Sn from the layer segregates to form mushroom-shaped metallic β-Sn clusters at the SnS/SiO 2 interface while leaving voids in the layer which are replaced by Si from the oxide, whereas the S and O possibly escape as SO 2 in the vacuum of the system. The influence of the SnS/SiO 2 interface in the initiation and propagation of damage is clear as the top of the flake remains relatively unchanged even during prolonged irradiation. at 5 s intervals over a duration of 4 min at an electron dose rate of 8.3 × 10 5 e nm -2 s -1 . Video 2. Time-lapse of the electron beam damage of the same SnS specimen at a higher magnification on one of the Sn clusters from the damaged region after the first timelapse. 75 frames acquired at 20 s intervals over a duration of 20 min at an electron dose rate of 5.4 × 10 6 e nm -2 s -1 .
